Introduction
Bladder cancer is the most common malignancy of the urinary tract (1) . There were an estimated 16,000 mortalities due to bladder cancer in 2015 in the United States alone (2) . A notable risk factor for the development of bladder cancer is the occupational exposure to aromatic amines (e.g., benzidine, 2-naphthylamine and 4-aminobiphenyl). Benzidine is commonly encountered in the industrial dye and rubber industries, as well as in hair dyes, paints, fungicides, motor vehicle exhaust fumes and industrial pollutant emissions (3) . Thus, benzidine and other aromatic compounds are notable hazards for human health. Although there have been a number of epidemiological investigations about the association of benzidine exposure with bladder cancer and other carcinomas (4), including our previous study, in which it was demonstrated that benzidine could induce the epithelial-mesenchymal transition in human uroepithelial cells through the extracellular regulated protein kinases 1 and 2 (ERK1/2) pathway (5), limited research has been conducted to investigate whether benzidine exposure promotes cell proliferation and the underlying mechanisms of this process.
The cell cycle is the process through which living cells replicate genetic information and generate progeny cells. The process can be divided into two highly regulated phases: The interphase and mitotic phase. The former involves three phases, the G1, S and G2 phases. Complex mechanisms are associated with the modulation of the cell cycle, which is strictly regulated in normal cells; modifications to cell cycle MAPK/AP-1 pathway regulates benzidine-induced cell proliferation through the control of cell cycle in human normal bladder epithelial cells regulation may lead to disease, including tumor formation (6) . Cell cycle dysregulation is necessary for cancer initiation and progression (7) . The mitogen-activated protein kinases (MAPKs), a family of enzymes that catalyze the phosphorylation of specific serine and threonine residues on target substrates in order to convert extracellular signals to intracellular, include four major subfamilies: ERK1/2, the Jun N-terminal kinases (JNKs), p38 and ERK5 (8, 9) . MAPKs serve important functions in many life processes, including proliferation, differentiation and apoptosis (10) . The activation of the ERK1/2, p38, and JNK/MAPK pathways is associated with the induction of many transcription factors, resulting in the altered expression of various genes associated with tumor cell proliferation, apoptosis, angiogenesis, metastasis and the progression of various types of cancer, including bladder cancer (11, 12) .
In the present study, the mechanism of benzidine-induced SV-HUC-1 cell proliferation was investigated, including the role of MAPKs in the proliferation process. The aim was to elucidate a potential mechanism for benzidine-induced carcinogenesis.
Materials and methods
Chemicals and reagents. Benzidine (4,4'-diaminobiphenyl; ≥98.0%), dimethyl sulfoxide (DMSO), MTT, methanol, glutaraldehyde and all other chemicals and dyes of the highest purity were purchased from Merck KGaA (Darmstadt, Germany Cell proliferation assay. Cell viability was assayed by MTT conversion to formazan. Subsequent to growing to 80% confluence on a 10 cm 2 plate, 5x10 4 SV-HUC-1 cells per well were seeded in 96-well plates. Then cells were treated with 100 µl growth medium with 0.1% DMSO or benzidine (0.001-200 µM) for 2 or 6 days. MTT solution (10 µl of 5 mg/ml) was added to each well and the plates incubated for an additional 4 h at 37˚C. The medium was removed and DMSO was added to each well to solubilize precipitants. Absorbance was measured at 490 nm using a microplate reader. All measurements were performed in triplicate.
Western blotting. For the western blot analysis, 6x10 6 SV-HUC-1 cells per dish were seeded in 100 mm plastic tissue culture dishes. Following culture for 12 h as previously described, cells were either exposed to different concentrations of benzidine (0, 0.001, 0.005, 0.01, 0.05 or 0.1 µM) or treated with U0126, SB203580 or SP600125 for 6 days. Cells were harvested, washed with ice-cold PBS, and lysed in RIPA buffer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Concentrations of the precipitated proteins in cell lysates were measured with BCA Protein Assay (Pierce; Thermo Fisher Scientific, Inc.). Then, proteins (50 g per lane) were separated by 10% SDS-PAGE and transferred onto a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). Subsequent to blocking in 5% fat-free dry milk in Tris-buffered saline with Tween-20 (TBST), membranes were incubated with primary antibodies (1:500, diluted with 5% milk) overnight at 4˚C, washed in TBST and then incubated with goat anti-rabbit peroxidase-conjugated secondary antibodies (1:500, diluted with 5% milk) for 1 h at room temperature. The blots were subsequently developed using an enhanced chemiluminescence detection kit (Amersham; GE Healthcare) and exposed to film (Kodak, Rochester, NY, USA). GAPDH served as the loading control. For densitometric analyses, protein bands on the blots were measured using the Eagle Eye II software (Agilent Technologies, Inc., Santa Clara, CA, USA).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). For mRNA analysis, 6x10
6 SV-HUC-1 cells per dish were seeded in 100-mm plastic tissue culture dishes. Following culture for 12 h, cells were exposed to 0, 0.001, 0.005, 0.01, 0.05 or 0.1 µM benzidine. Following a further 6 days of culture, cells were harvested and total RNA was isolated with RNAiso Plus (Takara Bio, Inc., Otsu, Japan) following the manufacturer's protocol. Total RNA was transcribed into cDNA using AMV reverse transcriptase (Takara Bio, Inc.) according to the manufacturer's protocol.
qPCR was performed using the Power SYBR-Green Master Mix (Takara Bio, Inc.) and an Applied Biosystems 7300 Real-Time PCR Detection System (Thermo Fisher Scientific, Inc.). The 20 µl total reaction mixture included 10 µl SYBR premix, 0.4 µl Rox, 7.8 µl dH 2 O, 0.4 µl forward and 0.4 µl reverse primers, and 1 µl cDNA sample. Each sample was repeated three times.
All primers were synthesized by Invitrogen (Thermo Fisher Scientific, Inc.). The primers used were: Cyclin D1 forward, 5'-CGT GGC CTC TAA GAT GAA GG-3' and reverse, 5'-TGC GGA TGA TCT GTT TGT TC-3'; p21 forward, 5'-GAC ACC ACT GGA GGG TGA CT-3' and reverse, 5'-CAG GTC CAC ATG GTC TTC CT-3'; PCNA forward, 5'-CTG AAG CCG AAA CCA GCT AGA CT-3' and reverse, 5'-TCG TTG ATG AGG TCC TTG AGT GC-3'; GAPDH forward, 5'-GCT GCC CAA CGC ACC GAA TA-3' and reverse, 5'-GAG TCA ACG GAT TTG GTC GT-3'. The PCR program included an initial denaturation step at 95˚C for 15 sec, followed by 40 cycles of amplification and quantification at 95˚C for 10 sec, 60˚C for 30 sec, and 72˚C for 30 sec. At the end of the program, a melting curve analysis was performed. Fold changes in the expression of each gene were calculated using the comparative quantitation cycle (Cq) method using the formula 2 -∆∆Cq (13) .
Cell cycle analysis. SV-HUC-1 (1x10 6 cells/well) were grown in 6-well plates followed by treatment with 0, 0.001, 0.005, 0.01, 0.05 or 0.1 µM benzidine. Following 6 days of growth, cells were trypsinized, washed twice with cold PBS, and centrifuged (500 x g for 5 min at 4˚C). The cell pellet was resuspended in 500 µl cold PBS and fixed in 2-3 ml 70% ethanol at 4˚C for 1-14 days. Cells were centrifuged (500 x g for 5 min at 4˚C) and resuspended in 500 µl PBS. Propidium iodide staining buffer was added in the dark at room temperature for 30 min and cells were then analyzed with flow cytometry (FACStar cytofluorometer; BD Biosciences, Franklin Lakes, NJ, USA). Each assay was repeated three times.
Statistical analysis. Statistical analyses were performed with SPSS 17.0 (SPSS, Inc., Chilcago, IL, USA). All data are expressed as mean ± standard deviation. One-way analysis of variance or the Kruskal-Wallis test were used to analyze differences among groups. In case of comparison between two groups, an unpaired Student's t-test was used. Results are expressed as mean ± standard deviation from ≥3 independent experiments. P<0.05 was considered to indicate statistically significant differences.
Results

Benzidine enhances the proliferation of SV-HUC-1 cells.
The effect of benzidine on the proliferation of SV-HUC-1 cells was determined by an MTT assay. The data revealed that treatment with benzidine at the concentration range of 0.001-0.01 µM for 6 days significantly increased the cell viability of SV-HUC-1 cells compared with the 0 µM control group (P<0.05; Fig. 1A ), whereas treatment with benzidine at doses >10 µM induced a toxic effect on SV-HUC-1 cells (Fig. 1B) . Therefore, benzidine at doses from 0.001-0.1 µM was used in subsequent experiments.
Benzidine facilitates SV-HUC-1 cell transition from G1 to S phase. To ascertain that benzidine treatment induced SV-HUC-1 cell proliferation as demonstrated by the MTT assay data, flow cytometry was applied to detect alterations in the cell cycle distribution. Following 6 days of treatment with benzidine, an increased percentage of cells in the S and G2 phases was observed ( Fig. 2A and B) . The fraction of cells in the S phase increased from 40.88 to 48.81% (P=0.036) and the fraction of cells in the G2 or M phase increased from 13.53 to 19.50% (P=0.018); the population of cells in the G1 phase decreased from 45.59 to 34.22% (P<0.01).
Benzidine alters cell cycle associated marker expression in SV-HUC-1 cells.
The protein and mRNA levels of cyclin D1, p21 and PCNA were measured as cell cycle-specific markers. The results demonstrated that exposure to benzidine significantly increased the protein levels of cyclin D1 and PCNA (both P<0.01, 0.001-0.1 µM), whereas the p21 protein level was decreased (P<0.01, 0.05-0.1 µM; Fig. 3A and B) . The mRNA levels of cyclin D1 (P<0.01, 0.001-0.05 µM) and PCNA (P<0.01, 0.005-0.1 µM) were also significantly elevated, whereas the p21 mRNA was downregulated (P<0.01, 0.001-0.1 µM; Fig. 3C ).
Exposure to benzidine induces MAPK/AP-1 activation.
To determine whether MAPK/AP-1 signaling pathways were activated in benzidine-mediated SV-HUC-1 proliferation, MAPK and AP-1 markers were measured with western blotting. Increases in p-ERK, p-p38 and p-JNK protein levels were observed, whereas total ERK1/2, p38 and JNK protein levels remained unchanged in cells treated with benzidine (P<0.05 vs control group) (Fig. 4A and B) . The protein levels of members of the Jun family, including p-c-Jun, JunB and JunD ( Fig. 4C and D) , and members of the Fos family, including p-c-Fos, Fos-like antigen 1 and FosB (Fig. 4E and F) , were also observed to be increased (P<0.05).
Benzidine-mediated SV-HUC-1 cell proliferation is suppressed by MAPK-specific inhibitors.
MAPK specific inhibitors (including U0126 for ERK1/2, SB203580 for p38 and SP600125 for JNK) were used to confirm the association between the activation of MAPKs and benzidine-induced cell proliferation. When the cells were treated with the inhibitors, benzidine-elevated cell viability was reversed (Fig. 5A) . The protein level of MAPKs and cell cycle-associated proteins following exposure to benzidine and each of the inhibitors was also assessed. The repression of MAPKs, AP-1 monomers and cell cycle protein expression was detected (Fig. 5B-D) . The results indicated the importance of MAPK/AP-1 signaling in benzidine-mediated SV-HUC-1 proliferation.
Discussion
Bladder cancer is a major cause of cancer-associated mortality worldwide (2) . The occupational exposure to benzidine has been established as one of the risk factors for bladder cancer (3) . The mechanism for the occurrence and develop-3). The mechanism for the occurrence and develop-). The mechanism for the occurrence and development of benzidine-induced bladder cancer is not yet fully characterized. In the present study, low concentrations of benzidine enhanced SV-HUC-1 cell proliferation. Activation of MAPK/AP-1 signaling was also detected. Furthermore, the regulative role of MAPK signaling in benzidine-induced cell proliferation was confirmed.
The regulation of the cell cycle is necessary for cell growth. The escape from the regulation of the cell cycle may cause unlimited proliferation, which serves a critical role in the initiation and progression of tumorigenesis (14, 15) . In the present study, it was demonstrated for the first time that low concentrations of benzidine exposure enhanced SV-HUC-1 cell proliferation, elevated cyclin D1 and PCNA expression, decreased the expression of p21, and provoked the transition of cells from G1 to S and G2 phase. Cyclin D1 is a nuclear protein that serves a pivotal role in cell proliferation and the transition from the G1 to S phase. Its expression has been implicated in cancer from a number of tissue types and in cultured cells (16) . Sun et al (17) demonstrated that CyclinD1 protein may serve a different role in modulating chemoresponses in MCF7 and MDA-MB231 cells. Additionally, Guo et al (18) indicated that Cyclin D1 is a cell cycle machine, a sensor of extracellular signals and serves an important role in G1-S phase progression; their research demonstrated that cyclinD1 is an activator of cell cycle initiation and progression.
PCNA is a non-histone nuclear protein that is necessary for DNA synthesis, and its expression is well documented as enhancing cancer cell proliferation (19) . The PCNA gene contains AP-1 sites in the promoter region and its expression is regulated by AP-1 activity. The association of PCNA with cancer transformation resulted in the use of PCNA as a diagnostic and prognostic cell cycle marker for tumors (20) . p21, a cyclin dependent kinase inhibitor in the G1/S transition, is a downstream mediator of tumor suppressor p53. It is a well-characterized partner of PCNA that has been identified as occurring in a complex of PCNA, cyclin D1 and cyclin-dependent kinases (CDKs). The p21 protein has two inhibitory effects on the entry of a cell into S-phase, including the inhibition of CDK kinase activity and the inhibition of DNA replication via interactions with PCNA (21) . A previous report demonstrated that p21 expression was associated with a poor prognosis in patients with bladder cancer (22) . Consistent with previous observations, the results of the present study revealed that benzidine-induced SV-HUC-1 cell proliferation was associated with the upregulation of cyclin D1 and PCNA, and the downregulation of p21.
Multiple signaling pathways are associated with the regulation of the cell cycle. MAPK pathways, which include a series of protein kinase cascades, serve important roles in various biological processes, including cell proliferation. The pathway associated with ERK1/2, MAPK family members, may induce the initiation and progression of cancer (23, 24) . In the present study, it was identified that not only ERK1/2, but also p38 and JNK, were activated in benzidine-induced SV-HUC-1 cell proliferation. In addition, cell proliferation was reversed when MAPK-specific inhibitors were used together with benzidine, indicating the pivotal role of MAPK activation in benzidine-induced SV-HUC-1 cell proliferation.
AP-1 is a transcription-activating heterodimer composed of members of the Jun and Fos families. It is associated with cell proliferation and differentiation, and the invasion and metastasis of cancer (25) . A previous study revealed that upregulation of AP-1 enhanced anaplastic large cell lymphoma progression and dissemination (26) . In the present study, benzidine promoted the activation of AP-1 monomers and AP-1 was downregulated following the inhibition of MAPKs, with benzidine-induced cell proliferation reversed simultaneously. The results revealed that MAPKs regulated the benzidine-induced SV-HUC-1 cell proliferation via the regulation of AP-1.
In conclusion, the present study demonstrated that low concentrations of benzidine lead to increased cell proliferation via the upregulation of the MAPK/AP-1 pathway in SV-HUC-1 cells. The inhibition of MAPKs reversed benzidine-induced SV-HUC-1 proliferation. These findings indicate the role of MAPK pathways in benzidine-induced pathologies, including tumorigenesis, and may provide novel insights into the molecular mechanisms that underlie pathologies induced by benzidine or other aromatic amine compounds. 81072330 and 81202194) and by the Priority Academic Program Development of Jiangsu Higher Education Institutions.
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